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Lead oxide (PbO) is one of the most promising materials for application in direct conversion medical imaging 
X-ray detectors. Despite its high potential, conventional polycrystalline PbO layers deposited with the basic thermal 
evaporation method are not yet mature for practical use in x-ray imaging; indeed, they are highly porous, unstable at 
ambient conditions, and sub-stoichiometric. In order to combat the above issues with PbO, we advance the basic 
evaporation process with simultaneous energetic ion bombardment of the growing film. We show that tuning the 
ion-assisted thermal deposition not only solves the structural problems of poly-PbO, but also enables the growth of a 
new non-crystalline polymorphic form of the material - amorphous PbO (a-PbO). In contrast to poly-PbO, novel a-
PbO layers grown by ion-assisted thermal deposition are stable at ambient conditions. Structural and morphological 
analysis confirms that a-PbO is stoichiometric and free of detectable voids, which suggests higher bulk X-ray 
stopping power than porous poly-PbO. 
 





There is great interest in the utilization of non-crystalline photoconductors for direct conversion medical X-ray 
imaging detectors. Lead Oxide (PbO) is one of the most promising candidates for this purpose, since it has high 
stopping power due to high atomic number of Pb and has high theoretical X-ray-to-charge conversion gain. In 
addition, poly-PbO room temperature deposition technology allows the deposition of a thick photoconductive layer 
directly on any imaging electronics, thus permitting a custom PbO detector design to fit the requirements of a variety 
of clinical applications.  
Conventional poly-PbO layers are deposited by basic thermal evaporation in the atmosphere of molecular 
oxygen from a crucible loaded with high purity PbO powder and heated above PbO melting temperature       ~890 
°C [1]. For use in the direct conversion x-ray detectors, the PbO layer has to be deposited on a substrate containing 
image read-out electronics [2]. In this case the substrate temperature is maintained at      ~100 °C as dictated by 
thermal tolerance of the majority of commercial read-out electronics [3]. The large mismatch between the substrate 
temperatures      and the melting temperature of PbO       results in low packing density and high porosity of 
grown layers [4,5]: the density of as-grown poly-PbO layers is much lower than that of a crystalline material (up to 
50 % of single crystal density), which  significantly decreases the X-ray attenuation of the grown film. A typical 
poly-PbO layer is composed of randomly oriented platelets about one micron in diameter and one hundred 
nanometers thick and exhibits a rough surface morphology [1,6]. The grown PbO films are known to consist of two 
different crystallographic phases of PbO: the seeding layer, several microns thick, is formed by the yellow 
orthorhombic -PbO, while the bulk of the layer grows predominately as a red tetragonal lead oxide (-PbO), 
however, -PbO is also present in the bulk [7]. In addition, the grown layers are substoichiometric with a deficit of 
oxygen [8-10]. The latter is due to the low formation energy of oxygen vacancies [10,11] which can act as charge 
trapping centers – a highly undesirable feature for any detector material. Poly-PbO layers are unstable in air and 
transform into Hyrdo Cerrusite under ambient conditions [12].   
Suboptimal packing density, poor sample stability and oxygen deficiency are well known problems of 
many oxides deposited with basic thermal or electron beam evaporation techniques. These issues were successfully 
combated by means of simultaneous bombardment of growing film with energetic ions. Here, a practical and easy to 




The ion assisted depositions have proven to be a versatile tool for solving a broad range of material science 
challenges. Initially this method was employed to improve the basic properties of metal oxides, including packing 
density [14-17] and stoichiometry [18,19]. Nowadays, ion assisted deposition is successfully applied to advance the 
growth of organic transistors and polymers-based electronic devices [20-22]. In addition, ion assisted deposition is 
used as an alternative to high pressure and/or high temperature deposition technique of crystalline and epitaxial 
materials [23,24].  
Motivated by the success of ion-assisted deposition to improve structure and stability of other materials, we 
applied this technique to PbO layers growth. The structural characterization performed with Raman spectroscopy, 
X-ray diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS), and morphological examinations with 
Scanning Electron Microscopy (SEM) revealed a new polymorphic form of PbO – an amorphous (a-PbO) material 
that appeared to be dense and stable at ambient conditions. a-PbO samples are free of voids, possess bulk packing 
density, and have perfect stoichiometry throughout the film thickness as will be shown below.   
 
Materials and Methods 
Polycrystalline PbO (poly-PbO) sample preparation 
Poly-PbO layers were prepared by conventional thermal evaporation of PbO powder as shown in Fig. 1 (a). A 
Pt crucible, containing pure (5N) PbO powder obtained commercially from Chemsavers, is loaded into the furnace 
(evaporation source) of the vacuum chamber. Typically, the evaporation takes place at temperature ~1000  C which 
provides a growth rate ~1  m/min. The evaporated particles of PbO (vapor stream) condense on the rotating 
substrate that is kept at ~ 100  C. In order to improve the layer stoichiometry, the deposition takes place under ~0.2 
Pa background pressure of high purity molecular oxygen, which is directly supplied to the vacuum chamber [1,11].  
 
Amorphous PbO (a-PbO) sample preparation 
a-PbO layers were prepared by thermal evaporation with low energy oxygen ion bombardment. The key 
difference from the conventional deposition described above, is that the deposition takes place in the atmosphere of 
ionized oxygen, instead of molecular oxygen. This is achieved by running molecular oxygen through an ion source 
placed at ~10 cm below the substrate holder with a beam incidence angle of ∼45° to the normal of the substrate as 
shown in Fig. 1 (b). In our system the ion source utilizes a hot filament to produce electrons. Electrons are 
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accelerated by the applied electric field which is towards the anode of the ion source were they bombard O2 
introduced into the ion source body, producing oxygen ions [18]. The ion source allows for independent control of 
oxygen ion energy and ion flux (ion current density), required to achieve the desired structural modifications of a 
growing layer. Thus, during the typical ion assisted deposition, the ion energy was between 40-60eV, while the ion 
flux was ~0.2 mA/cm2. The substrate and evaporation source temperatures were similar to those of the conventional 
thermal evaporation, resulting in the deposition rate of a-PbO ~ 0.4 μm/min. 
  
Figure 1 a Schematic description of the conventional deposition process. Process gas (oxygen) is supplied 
directly to the chamber. b Schematic description of advanced deposition process. Oxygen is supplied to the chamber 
through an ion source. 
 
Sample characterization 
The structural and morphological analyses of poly- and a-PbO samples were performed with Raman, X-Ray 
diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS) and Scanning Electron Microscopy (SEM).   
Since poly-PbO samples are known to transform into Hydro Cerrisute under ambient conditions, they were 
stored under the protective dry nitrogen atmosphere. They were exposed to ambient only for the time of the Raman 
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spectrum acquisition and when the sample was relocated from one measurement system to the other. This maximal 
exposure time (during Raman spectroscopy) did not exceed 10 minutes, therefore no structural changes were 
observed. During XRD measurement, the samples were under continuous argon gas purge. XPS measurement was 
done in high vacuum conditions (base pressure ~        Pa). One poly-PbO sample was stored under ambient 
conditions and was used as a reference. In order to establish stability of novel a-PbO layers, they were stored under 
ambient conditions.  
 
Raman and XRD spectroscopies.  
Raman spectroscopy measurements were performed with a Renishaw inVia Raman spectrometer with 
resolution of ~1 cm-1. The Raman spectra were measured with an Ar ion laser, using the 785 nm laser line at 1200 
lp/mm mesh. Prior to the measurements, the system was calibrated to silicon peak at 520 cm-1. The intensity level 
was carefully adjusted in order to prevent light induced changes, which was especially important for a-PbO samples.  
XRD spectroscopy was performed with a Pananalytical Expert Pro Diffractometer and the X-ray source was 
CuKα radiation with wavelength 0.15405 nm. The typical X-ray diffraction pattern was recorded from 2 =20  to 
90  with the scan step size of 0.01313 . The phase identification was achieved by the comparison with data from the 
JCPDS International diffraction data base. 
For a-PbO samples, Raman and XRD measurements were performed on both, as-grown layers and layers 
undergoing one hour annealing in a temperature range from 200 to 600 . After annealing at each temperature, the 
sample was slowly cooled down with the rate of ~1  /min in order to prevent thermal shock. After the XRD and 
Raman measurements were performed on the cooled sample, it was moved back to the oven for the annealing at a 
subsequent temperature. The upper temperature limit was dictated by thermal stability of the glass substrate. The 
annealing took place in the argon atmosphere in order to prevent over-oxidation of the samples. 
 
XPS spectroscopy 
Stoichiometry of poly-and amorphous PbO layers have been investigated by X-Ray Photoelectron Spectroscopy 
(XPS). The XPS spectra of PbO layers were investigated with a PHOIBOS 100 analyzer (SPECS GmbH, Berlin) 
equipped with Al X-Ray source. The NIST XPS Database [25] was used for peak identification and CasaXPS 
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software was used for deconvolution and fitting of Pb 4f and O1s peaks. Carbon (C1s) peak with binding energy of 
284.5 eV was used as a reference for calibration of energy. 
In order to investigate any changes in-depth of the sample, the tested films were sputtered in-situ in a Secondary 
Neutral Mass Spectrometry (SNMS) [26] chamber connected to the XPS. Thus, the first XPS spectrum was recorded 
on the original surface (as-prepared) of the sample and afterwards the sample was moved into the SNMS chamber 
(base pressure 0.2 mPa) for sputtering with Ar+ ion bombardment. After each sputtering the new XPS spectrum was 
recorded and the sample was moved back into the SNMS chamber for the next sputtering process. The lateral 
homogeneity of ion bombardment was checked by measuring the shape of the sputtered crater at the end of the 
experiment with an AMBIOS XP-1 type profilometer. A profilometer was also used to determine the sputtering rate 
by measuring both the crater depth and sputtering time. The poly-PbO sample was sputtered for 120, 420, 1020 and 
1620 seconds, which correspond to 140, 510, 1250 and 1950 nm sputter depths, respectively. Similarly, a-PbO was 
sputtered for 60, 360, 960 and 1860 seconds, corresponding to 15, 87, 232 and 450 nm sputter depths.  
Due to the high resistivity of PbO samples, a large charge accumulation effect occurred on the sputtered surface 
as a result of Ar+ ion bombardment during the sputtering process. In order to account for this sample charging effect 
the SNMS was operated in the High Frequency (HF) operation mode (at 100 kHz with 50% duty cycle), when a 
square-wave type high frequency voltage is applied to the sample instead of a constant DC voltage [27,28]. This 




Morphological analysis  
A SEM micrograph of the surface of the poly-PbO prepared with conventional deposition method, is shown in 
Fig. 2 (a). As seen from Fig. 2 (a), poly- PbO film consists of a network of platelets, each less than 2 microns in 
diameter and about 50 nm thick. On the film surface, platelets are seen to be oriented primarily in the growth 
direction (although arbitrary relative to each other). This platelet structure is highly porous and results in high 
surface roughness, which is on the range of a micrometer, as defined by the size of the platelets. It should be noted 
that the morphology of poly-PbO layers grown here is very similar to that reported previously by Simon et al. [1] 
suggesting high reproducibility of the basic thermal evaporation process.  
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Fig.  2 (b) shows the SEM picture of the amorphous PbO. The film is seen to be uniform, free from voids and 
does not exhibit a platelet structure typical of poly-PbO. The absence of a platelet network results in a smooth 
surface of the grown layer, never achieved before with polycrystalline films. 
  
Figure 2 a The SEM cross-sectional view of the poly-PbO. The inset to the figure shows the surface of the 




Fig. 3 (a) compares Raman spectra of as-deposited poly- and a-PbO films. The Raman spectrum of poly-PbO 
indicates the presence of both phases: tetragonal  -PbO peaks at 81 and 340 cm-1 and  -PbO peaks at 89 and 289 
cm-1. The Raman peak at ~146 cm-1 cannot be unambiguously attributed to either phase, since both of them have the 
strongest signal in this region: α-PbO at 145 cm-1 and  -PbO at 147 cm-1.  
Since the poly-PbO sample was stored under protective atmosphere of dry nitrogen, no Hydro Cerrisute peaks 
were detected. However, another poly-PbO sample from the same deposition run which was kept at ambient 
conditions developed a Hydro Cerrisute peak at 1050 cm-1 on the Raman spectrum.  
Overall, the measured Raman spectrum of poly-PbO is represented by high and relatively narrow peaks, 
indicating crystalline structure of the deposited layers. In contrast, Raman spectrum of novel PbO is very different. It 






Figure 3 a Raman spectra of as deposited poly- and a-PbO. b Raman spectra of a-PbO layers after one hour 




Fig. 3 (b) shows gradual changes in Raman spectra of a-PbO following one hour annealing at four different 
annealing temperatures. As is clear from Fig. 3 (b), the a-PbO layer undergoes gradual re-crystallization, evident 
from the characteristic peaks which evolve from a broad spectrum. At 200  , crystallization begins with the 
formation of the peaks at 85, 143 and 288 cm-1; in the temperature range from 200   to 300   these peaks grow 
gradually and become well defined at 300  . These peaks are close to those of the β-PbO phase [7]. At 400  , 
another characteristic β-PbO peak appears at 71 cm-1, as well as additional peak at 121, 224, 391 and 548 cm-1 
attributed to Pb3O4 [7]. Upon annealing to 600  , most of the former peaks have disappeared. All peaks at 600   
are attributed to orthorhombic PbO. The spectra showed in Fig. 3 were normalized and shifted upwards for better 
visualization, however it is worth mentioning, that with higher temperature the peaks become taller and narrower. At 
the same time plateaus decrease with increasing temperature, indicating refinement of the crystal structure.  
It should be noted that a-PbO samples did not require a special protective environment. Thus, the Raman 
spectra of the a-PbO samples stored at ambient conditions persisted over time and did not show any features of 
Hydro Cerrusite.    
 
XRD spectroscopy 
The XRD spectra of as-grown poly- and a-PbO films are shown in Fig. 4 (a). While the XRD spectrum of poly-
PbO is represented by sharp, well defined characteristic peaks, indicative of crystalline ordered structure, the XRD 
of a-PbO does not exhibit distinct narrow peaks indicating its amorphous nature.  
 X-Ray diffraction measurements of the poly-PbO sample reveal the presence of both tetragonal and 
orthorhombic phase of PbO, as well as an orthorhombic PbO2 phase, which was not observed on Raman spectrum. 
This might be due to the fact that the sensitivity of the XRD measurements is higher than that of Raman 
spectroscopy. As for the a-PbO layer, its amorphous structure changes dramatically upon annealing (Fig.  4 (b)). The 
effect of annealing starts to appear at 200    although very insignificantly. At higher temperatures, characteristic 
peaks emerge from a broad spectrum. A gradual refinement of the crystal structure is further observed: width of the 
emerged peaks decreases and their intensity increases with increasing temperature. At temperatures above of 300  , 
multiple phases of PbO were found to coexist simultaneously:    -PbO, Pb3O4 and PbO2. However at 600  , the 
spectrum closely resembling a single phase of orthorhombic PbO with a minor peak of PbO2 detected. 
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Figure 4 a The XRD spectra of as-grown poly- and a-PbO films. b The XRD spectra of as deposited 
amorphous PbO layer as well as the same layer annealed at five different temperatures for one hour. The spectra 





Fig. 5 (a) shows the XPS spectra of the poly-PbO sample measured on the surface and in the bulk of the sample. 
The surface measurements indicate the presence of both PbO and PbO2 phases. The PbO2 peak disappears when 
measurements are taken at 140 nm in depth, however, a small amount of metal Pb phase is seen to be present in the 
spectrum. Spectra measured at a depth of 510 nm closely resemble that of 140 nm. However, with further sputtering, 
an additional contribution of pure PbO2 appears in the measurements, while Pb-O remains the dominant bonding 
configuration.  
Fig. 5 (b) shows the XPS spectra of a-PbO measured on the surface and after sputtering in SNMS system. As 
can be seen from the presented spectra, the composition of the film remains constant across the layer thickness: only 








Figure 5 a-e XPS spectra of poly-PbO and f-g a-PbO at selected depths. 
 
Discussion 
Morphological and structural properties of PbO layers deposited with both basic thermal evaporation and ion-
assisted thermal evaporation were investigated with multiple characterization techniques, including SEM, Raman 
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spectroscopy, XRD and XPS. While Raman and XRD measurements were taken on the layers’ surfaces, XPS 
spectra were measured at different depths, monitoring stoichiometry and composition across the layers. 
Qualitatively, all the measurements taken confirm that while basic thermal evaporation results in polycrystalline 
structure of the grown layers, oxygen ion bombardment with optimized ion energy and flow results in a new 
polymorphic form of the grown material, namely, amorphous Lead Oxide (a-PbO) not synthesized before. In 
contrast to the poly-PbO, a-PbO is uniform, free of voids and does not require special storage conditions to prevent 
structural degradation. In addition, morphological analysis of PbO layers indicates that novel a-PbO layers possess a 
significantly higher packing density, in comparison with poly-PbO (see Fig. 2). Improved density and absence of 
voids in the layer offers a high bulk X-ray stopping power – one of the main advantages of PbO for direct 
conversion X-ray detectors. 
Although amorphous PbO is stable at ambient conditions, it is (as expected) fundamentally metastable with 
respect to the crystalline structure and undergoes gradual crystallization toward orthorhombic PbO at elevated 
temperatures as shown with XRD and Raman measurements after different stages of thermal annealing. This 
property is reminiscent of another amorphous material which is highly significant to radiation medical imaging, 
namely, amorphous selenium (a-Se) – currently the only wide-bandgap photoconductor used commercially in the 
direct conversion detectors for low x-ray energy clinical applications (i.e., in x-ray mammography). In comparison 
to a-Se, a-PbO structural stability is much higher: the first a-PbO layers deposited two years ago and stored in air did 
not degrade and do not show any changes in both Raman and XRD spectra. This is an advantage over a-Se, since the 
later requires special doping for stabilization against recrystallization at ambient conditions, while un-stabilized pure 
a-Se structurally degrades in approximately one month after the deposition [29,30]. 
Perfect structural uniformity and stoichiometry of a-PbO layers is evident from the XPS analysis performed at 
different depths below the layer surface. In contrast, poly-PbO is over-oxidized at the surface while showing a 
certain deficit of oxygen in a bulk (as this is demonstrated by the presence of un-oxidized Pb in XPS spectra shown 
in Fig. 5 (a)). Oxygen deficiency is known to be a common problem of all metal oxides, since oxygen molecules are 
electrically neutral and thus do not react deliberately with other elements. Therefore, in order to promote 
incorporation of oxygen in the growing film, this charge neutrality must be distorted. Here, utilization of an ion 
source was a natural way of solving the oxygen deficiency problem. Indeed, the ion source ionizes oxygen, 
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converting it to a charged state and thus making it more reactive. As a result of such an ion assisted deposition a 
stoichiometric PbO layers were received for the first time ever (see Fig.  5 (b)).  
Overall, optimization of the ion assisted thermal deposition process allows one to grow amorphous PbO layers – 
a new polymorphic configuration free of structural imperfections inherent to more common polycrystalline PbO. 
The improvement includes higher film density and much better uniformity, stoichiometry and stability against 
structural changes. The amorphous PbO deposition process is compatible with large area x-ray detector 
technologies. In such, an amorphous PbO x-ray-to-charge transducer should be considered as an alternative to a-Se 
for x-ray medical detectors in the diagnostic energy range where a-Se is suboptimal due to its low atomic number. 
Although comprehensive research on a-PbO electronic and photoconductive properties is needed, the reported 
results are very promising to extend the advances of direct conversion x-ray medical imaging over a variety of 
imaging procedures including radiography, fluoroscopy, pediatric imaging, etc. In addition, new a-PbO can also be 
considered for applications in large area photovoltaic devices [31], solar cell [32] and light emitting diodes [33], 
where electronic properties of PbO were shown to significantly improve the device performance.   
 
Conclusion  
We propose advanced deposition process for PbO that allows one to obtain a new polymorphic form of this 
material - amorphous lead oxide, as confirmed with Raman and XRD spectroscopies. In contrast to poly-PbO, a-
PbO samples are stable at ambient environment and perfectly stoichiometric. In addition, SEM indicates that new a-
PbO layers have bulk packing density, which offers high X-ray stopping power. Proposed advances in the deposition 
technology are easy to implement and hold the promise to utilize the full potential of PbO in medical imaging X-ray 
detectors as well as many other applications. 
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